Magnesium aluminium silicate Diltiazem hydrochloride Isothermal titration calorimetry High performance liquid chromatography a b s t r a c t An understanding of the thermodynamics of the complexation process utilized in sustaining drug release in clay matrices is of great importance. Several characterisation techniques as well as isothermal calorimetry were utilized in investigating the adsorption process of a model cationic drug (diltiazem hydrochloride, DIL) onto a pharmaceutical clay system (magnesium aluminium silicate, MAS). X-ray powder diffraction (XRPD), attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and optical microscopy confirmed the successful formation of the DIL-MAS complexes. Drug quantification from the complexes demonstrated variable behaviour in the differing media used with DIL degrading to desacetyl diltiazem hydrochloride (DC-DIL) in the 2 M HCl media. Here also, the authors report for the first time two binding processes that occurred for DIL and MAS. A competitor binding model was thus proposed and the thermodynamics obtained suggested their binding processes to be enthalpy driven and entropically unfavourable. This information is of great importance for a formulator as care and consideration should be given with appropriate media selection as well as the nature of binding in complexes.
Introduction
Minerals have a variety of applications in the pharmaceutical industry and in medicine which date back since prehistory [1] . Minerals have desirable physicochemical properties such as chemical inertness, high adsorption capacity and specific area, swelling, water solubility and dispersivity, plasticity, acidabsorbing capacity, as well as colour, opacity and low or no toxicity in patients, which makes them suitable for medical and pharmaceutical applications [1, 2] . In the formulation of pharmaceutical dosage forms, minerals are used as excipients as carriers of active ingredients to achieve modified release, or as binders, fillers, disintegrants, lubricants, thickening agents, anticaking agents, flavouring correctors and emulsifying agents [2] .
Magnesium aluminium silicate (MAS or VEEGUM®) is a mixture of natural smectite montmorillonite and saponite clays (Fig. 1 ). MAS has a layered silicate structure, formed of one alumina or magnesia octahedral sheet, sandwiched between two tetrahedral silicate sheets [3, 4] . The high surface area and good affinity with cationic drugs, as well as its non-toxic properties make MAS a suitable material for use in drug formulation. MAS has previously been shown to be able to adsorb cationic drugs such as propranolol hydrochloride and form complexes that are able to retard drug release [5e7] . Controlling drug release is of high interest as it has been demonstrated to show many benefits compared with conventional drug release. By maintaining a constant drug-plasma concentration for extended periods of time, it is possible to achieve optimal efficacy in chronic conditions where medication must be administered at constant levels, and reduce the side effects [8] . The use of a model drug such as diltiazem hydrochloride (DIL), in combination with magnesium aluminium silicate to achieve controlled drug release, adds value to the importance of using clay minerals as drug carriers [5, 6, 9] . DIL is a non-dihydropyridine calcium channel blocker. It inhibits the calcium channels in the blood vessels, which leads to vasodilatation and, hence, to a lower blood pressure. Furthermore, DIL inhibits calcium channels in the heart, leading to a reduced cardiac contractility and a slower atrioventricular conduction velocity [10, 11] . Therefore, DIL represents an efficient treatment for patients suffering from stable chronic angina, due to its ability to reduce myocardial oxygen demand, as it lowers blood pressure, heart rate and cardiac contractility. The drug can also be efficiently used in treating arterial fibrillation due to its ability to control heart rate through its capability to reduce atrioventricular node conduction. DIL's critical drawbacks include an elimination half-life of 3.2 ± 1.3 h following oral administration, and a bioavailability of (42 ± 18)% following first pass metabolism [12] . Therefore, in order to acquire its therapeutic effects and to maintain adequate drug plasma levels, it needs to be administered frequently (3e4 times/ day) [13, 14] . This model drug therefore represents a suitable target for an extended release formulation. Using clay, instead of the traditionally adopted polymers to control drug release, brings multiple benefits such as overall reduced costs and antibacterial effects, as well as improved kinetics of drug release. This study therefore aims to understand and fully characterise the complexes that are formed between the MAS and DIL that provide the controlled release effect as well as using complex software in understanding the thermodynamics associated with this process.
Experimental

Materials
VEEGUM F EP® (MAS) was a kind gift from R. T. Vanderbilt Company, Norwalk, CT (USA). DIL (MW ¼ 450.98, pKa ¼ 7.8 ± 0.4) was purchased from TCI (Tokyo Chemical Industry), Tokyo. Acetonitrile (HPLC grade) and sodium phosphate, dibasic hydrate, 99þ% (HPLC grade), 2 M sodium hydroxide and 2 M hydrochloric acid were purchased from Fisher Scientific, UK.
Methods
Microscopy studies and formulation of MAS-DIL complex particles
Digital microscopy was used to observe the formation of flocs upon the addition of dilute DIL solution to dilute MAS dispersion (ratio 0.5:1, w/v). The drug to clay ratio used in this study was chosen based on the assay studies presented in Section 3.1. This showed the amount of DIL adsorbed onto the clay was maximum 0.26 g DIL/1 g of MAS. Studies were performed using a VHX2000 Digital Microscope from KEYENCE using a blue daylight filter to enhance the contrast between the flocculated particles and the dispersion media. Pictures were recorded at different mixing time points (2 min, 30 min, 60 min, 120 min, 180 min and 24 h) and were compared. Images of the MAS dispersion prior to DIL addition were also acquired.
For the formulation process, MAS-DIL complex particles were prepared by loading the MAS with DIL twice in order to ensure a high drug adsorption. For the first drug loading, separate DIL solution (2%, w/v) and MAS dispersion (2%, w/v) were prepared under continuous stirring for 24 h at 500 rpm (25 C) . The pH of the prepared MAS dispersion and DIL solution was adjusted to pH 5 using 2 M hydrochloric acid and 2 M sodium hydroxide. After 24 h, the MAS dispersion and DIL solution were combined (1:1, w/w) and the mixture was incubated at 37 C with shaking for 24 h. Flocculates were observed in the mixture. The MAS-DIL complex dispersions obtained were then filtered using a Buchner filtration apparatus with vacuum. For the second drug loading, previously filtered single drug loaded MAS-DIL complex particles were redispersed into a fresh DIL solution (2%, w/v) and incubated at 37 C with shaking for 24 h. The MAS-DIL flocculated complexes formed were filtered and dried in the oven at 50 C for 48 h. The dried double drug loaded MAS-DIL complex particles were ground (10 min) using a Retsch® PM 100 ball mill set at 350 rpm to particle sized at 123e65 mm. The use of the ball mill led to a faster breakdown of the hard particulates to the desired particle size.
2.2.2.
Characterisation of MAS-DIL complex dispersions and particles 2.2.2.1. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). ATR-FTIR was used to study the interaction between MAS and DIL at the molecular level. MAS, DIL and MAS-DIL complex particles were analysed from 4000 to 400 cm -1 on a Smart
Orbit ATR-FTIR machine, using diamond as the ATR crystal.
Powder X-ray diffractometry (PXRD).
Experiments were performed on a D2 PHASER XRD from BRUKER and sample preparation involved the placement of sample powder onto a transmitter holder and conducted using a similar methodology as reported [15] . Analysis was performed at an angular range 2.5e70 (2q) and a step angle of 0.02 (2q) s -1
. The X-ray source was generated as a Cu radiation at 30 kV and 10 mA. Experiments were performed in triplicate for reproducibility.
High performance liquid chromatography (HPLC)
An HPLC method was developed and validated for the determination and quantification of both DIL and its main degradant, desacetyldiltiazem (DC-DIL) which was observed in samples. Linearity range, precision, limit of quantitation (LOQ) and limit of detection (LOD) were separately determined for both compounds (DIL and DC-DIL) to validate the method used. The peak area of the standards along with the corresponding drug concentration was used to generate a calibration graph to evaluate linearity (slope, intercept and coefficient of determination R 2 ) and determine LOD and LOQ. All experiments were conducted in triplicate. An assay of freshly prepared standard DIL and DC-DIL solutions at four different concentrations (1.00, 10.00, 50.00 and 100.00 mg/mL and 0.83, 8.25, 41.26, 82.52 mg/mL respectively) repeatedly run on the same day or on three different days was used to evaluate the intra-and interday precision in terms of standard deviation RSD %. DIL stock solution and standard solutions in the range 100 to 0.1 mg/mL were prepared in purified water. DC-DIL was formed from DIL via hydrolysis (Fig. 2) . DIL stock solution was prepared in dilute acid (2 M HCl) and standard solutions in the range 75 to 0.1 mg/mL were prepared from the stock solution using purified water. Samples were left for 72 h at room temperature until complete hydrolysis occurred (confirmed by HPLC). The concentration of DC-DIL present in the standards was determined from the equilibrated hydrolysis reaction assuming that 100% of the drug hydrolysed was observed, as no traces of the parent drug were observed in solution.
The calibration graphs generated for DIL and DC-DIL were found to be linear over the concentration range studied (1.00, 10.00, 50.00 and 100.00 mg/mL and 0.83, 8.25, 41.26 and 82.52 mg/mL, respectively) (R 2 ! 0.9999 and R 2 ! 0.9998, respectively). Linearity was defined by an equation that was further used in the recovery studies. The method was shown to be precise for the detection of both DIL and DC-DIL, the intermediate and intra-assay precision at four different concentrations on three different days being lower than 2% RSD (Table 1) which complies with the acceptable criteria for quality control of pharmaceutical preparations [16, 17] . LOQ (the lowest drug concentration that can be recovered within acceptable limits of precision and accuracy) was found to be 1.72 mg/mL for DIL and 1.65 mg/mL for DC-DIL, indicating the high sensitivity of the proposed method at low concentrations of DIL and DC-DIL. LOD (the lowest detectable amount of drug distinguishable from the blank) was 0.57 mg/mL for DIL and 0.55 mg/mL for DC-DIL, confirming the sensitivity of the method proposed.
Isothermal titration calorimetry (ITC)
ITC was used to investigate the binding between MAS and DIL. Single injections experiment (SIM) and multiple injection experiments (MIM) were performed. The fast titration and versatile SIM experiments were used to initially confirm binding and determine the nature of the interaction, while MIM experiments were used further to characterise the reaction in detail and determine the thermodynamic parameters. Studies were carried out on a Microcal VP ITC micro-calorimeter. The instrument was used in high-gain mode, applying a reference power of 20 mcal s -1 whilst stirring the sample cell contents at 307 rpm. The MAS dispersion was added into the sample cell and DIL solution into the syringe for all the experiments.
SIM experiments were performed at three different pH values, i.e., 5, 7 and 9 (25 C). DIL solution was added in one injection into the sample cell. The SIM experiments were fast titration experiments and the real time binding isotherm observed was analysed using Origin 7.0 (MicroCal, Inc) by comparing the reaction rate at the pH values studied [18] . 0.010% (w/v) MAS dispersion was prepared under continuous stirring for 24 h, at 25 C and 200 rpm and was used to fill the sample cell. A 1 mM DIL solution was also prepared separately under stirring for 30 min at 25 C and 200 rpm prior to the experiments and was independently used to fill the syringe. The drug solution was added as 1 injection of 250 mL into the sample cell containing MAS. The pH of the prepared solutions and dispersions were adjusted using 2 M hydrochloric acid and 2 M sodium hydroxide to 5, 7 and 9. All experiments were conducted in triplicate.
MIM ITC studies were carried out at 25 C and pH 5, at two different DIL and MAS concentrations. The binding isotherm was studied in 120e140 injections of 2 mL each into the sample cell every 260 s. MAS dispersion (0.036% and 0.010%, w/v) and DIL solution (3.2 mM and 0.45 mM) were prepared. A competitor binding model (Fig. 3) was fitted to the data to get thermodynamic parameters which best reproduce the experimental data using AFFINImeter (AFFINImeter, Spain). The total molar concentration of MAS was estimated and the relative molar fractions of each kind of clay (r b, r m ) were considered unknown and set as fitted parameter in the analysis.
3. Results and discussion
Observation of floc formation and drug content analysis from MAS-DIL double drug loaded complex particles
The initial analysis of the MAS dispersion using digital microscopy (Fig. 4) allowed the observation of small clay particles dispersed in water forming a colloidal structure, described in literature as the 'house of cards' [4] through the attraction between the negatively charged faces and the partially positive edges of the clay platelets (Fig. 4 A) . Following the addition of DIL, the initially monodispersed particles started aggregating as flocs (forming after only 2 min) (Fig. 4 D) . With time, flocs were observed to increase in size, became more porous and spread out as the particles clustered together (Figs. 4EeG) . After 24 h, a decrease in the size of the flocculated clustered particles was observed as loosely bound aggregates separated away and reattached to other aggregates in a more stable form (Figs. 4HeJ) [19] . This process allows the intercalation process to occur after which drug entrapment can be determined.
Determination of drug content in the MAS-DIL double drug loaded complex particles prepared as described in Section 2.2.1 showed discrepancies between the different media used for the dispersion of the complex particles ( Table 2) . The difference can be related to the behaviour of DIL and MAS in the dissolution media, as well as to the mechanism of adsorption of DIL onto MAS. Results showed that only DC-DIL was recovered by dispersing the MAS-DIL particles in 2 M HCl ( Table 2 ). The degradant was identified following a shift in the retention time on the chromatograms from approx. 7 min (DIL standard solution), to approx. 3.8 min (recovered DIL) (Fig. 5) . This behaviour was attributed to the hydrolysis of DIL under acidic conditions and the peak was identified as being DC-DIL, the main degradant of DIL [16, 20, 21] . A reduction in the exposure time of the MAS-DIL complex to the acid solution from 24 h to 30 min allowed the observation of the two peaks belonging to DIL and DC-DIL on the same chromatogram (Fig. 5B) . Further studies evaluating DIL content in MAS-DIL double drug loaded complex particles by dispersing the particles in ultra-pure water (pH 5) and phosphate buffer (pH 6.8) showed a considerable reduction of DIL degradation. The results showed less than 10% of DIL recovered from the complexes hydrolysed over 24 h in water and phosphate buffer, hence confirming the effect of 2 M HCl on DIL leading to degradant DC-DIL.
Solid state characterisation
ATR-FTIR
ATR-FTIR was used to study the adsorption of DIL onto MAS based on the vibration of chemical bonds formed (Fig. 6) . Characteristic peaks were observed on the spectrum of MAS such as the hydroxyl group belonging to SieOH at 3625 cm -1 and the SieOeSi stretching at 980 cm -1 , as well as peaks related to water residues (OeH stretching 3415 cm -1 ) and water of crystallisation (OeH group bending at 1640 cm -1 ) [6, 7] . The spectrum of MAS-DIL double drug loaded complexes was very different from that of DIL alone, but similar to that of MAS. The presence of the SieOeSi stretching belonging to the clay was still observed as a broad peak at 980 cm -1 . A peak attributed to the hydroxyl stretching of the SieOH group was observed at 3631 cm 1511 cm -1 were still observed but all became smaller. The peak belonging to the amine group on the DIL structure observed at 1217 cm -1 was still present but became broader. The peaks attributed to ReOeR stretching at 1026 cm -1 and CeO ester stretching at 1059 cm -1 on DIL structure were not observed on the spectrum of MAS e DIL complex particles. The change and disappearance of some of the peaks characteristic to both DIL and MAS demonstrated the potential interaction between them by the formation of hydrogen bonds between the silanol groups of MAS with the amine and hydroxyl groups of DIL [6, 7] .
PXRD
The diffractogram acquired for MAS (Fig. 7 ) displays a distinctive reflection at 6.87034 (2q) representing the thickness of the basal spacing between the platelets, calculated using Bragg's Law as being 1.28 nm, a value similar to those suggested in the literature [6, 9] . The prepared MAS-DIL complex particles were shown to be in amorphous form and did not follow the PXRD pattern of DIL or MAS alone. The amorphous characteristic of the MAS-DIL sample suggests the molecular dispersivity of the drug in the prepared complexes. Furthermore, the reflection at 6.87034 (2q) on the MAS diffractogram representing the basal spacing was shifted to 4.382592 (2q) on the MAS-DIL diffractogram and showed a reduced intensity. The peak shift means an increase in basal spacing of MAS from 1.28 nm up to z2.016 nm upon intercalation of DIL into the clay platelets, hence confirming the complexation [6, 22] . SIM experiments confirmed that binding occurred between MAS and DIL. The binding isotherm between MAS and DIL was shown to be highly exothermic at the pH values studied (Fig. 8) . The power signal returned to baseline faster at pH 9 compared with pH 5 and 7, indicating therefore a more rapid interaction. Considering the ionisation of DIL, a more favourable interaction at pH 9 implies that DIL is more readily adsorbed onto MAS via hydrogen bonding and water bridging, the drug being mainly present in solution in its unionised form at this pH. This may be explained by the increased length of the alkyl ammonium chain and large molecular weight of DIL, which were shown to result in a greater contribution to adsorption onto the clay via van der Waals forces in previous studies [23, 24] .
Binding between MAS and DIL: multiple injection experiments
The binding between MAS and DIL was further explored using MIM stepwise experiments at pH 5 and 25 C. The working pH was chosen based on drug ionisation, DIL being mostly ionised in solution at pH 5 (pK a 7.8) and hence, expected to interact with the negatively charged faces of MAS platelets [4, 25] . Experiments confirmed the binding and showed the presence of more than one binding event at both higher and lower concentrations (Figs. 9 A  and B) . The experiment at low concentration (Fig. 9 B) allowed the A competitor binding model (Fig. 10) was fitted to the data to determine the thermodynamic parameters of the reaction. For this analysis it was assumed that the two different types of clay within MAS (montmorillonite and saponite) placed into the sample cell may potentially interact differently upon the addition of DIL. (Table 3) , suggesting that in both cases the binding was enthalpy driven and entropically unfavourable, as high energy resulted from broken and created hydrogen bonds as well as electrostatic van der Waals interactions. This implies that montmorillonite and saponite are able to adsorb DIL through a similar mechanism due to their similar structure. The presence of the two binding events upon the adsorption of a cationic compound onto MAS has not been reported in the literature before.
Conclusions
DIL and MAS complexes which can be used in providing oral controlled release formulation or strategies were successfully made and characterised. The process of binding revealed two binding processes that are being reported for the first time for DIL and MAS. The thermodynamics suggested that the binding processes for these two events were enthalpy driven and entropically unfavourable. The quantification of these complexes also revealed variable behaviour in the various media tested which can inform a formulator decision in appropriate media for testing due to drug degradation in acidic media. 
